We propose a procedure to deconvolute the spectral power distribution (SPD) of phosphor-converted LEDs (pc-LEDs). The procedure involves a two-step process using multiple Gaussian functions. The first step is a preliminary process to deconvolute an SPD using a pair of Gaussian functions. Using the results from the first step, the second step determines (a) the number of Gaussian functions to be used in the analysis and (b) the initial values and regression domains of the coefficients of each Gaussian function for subsequent multiple-regression operations. Successful deconvolution is confirmed by comparing the values of lumen, correlated color temperature, and color rendering index with the experimental data of cool and warm pc-LEDs. The proposed approach is illustrated to evaluate the yellow-to-blue ratio and the phosphor power conversion efficiency.
Introduction
A phosphor-converted LED (pc-LED) has a unique profile of spectral power distribution (SPD) compared with the conventional incandescent light source that shows an evenly distributed spectrum over the wide range of visible light. The SPD of a pc-LED (white light: will be referred to as SPD W ) is the combination of blue light from an LED chip (leaked blue light: will be referred to as SPD B ) and yellow light from a phosphor layer (phosphorconverted light: will be referred to as SPD P ). The optical parameters, such as lumen, correlated color temperature (CCT), and color rendering index (CRI) are functions of the power ratio between SPD B and SPD P . For example, the color of white light becomes cooler or warmer as the ratio of the leaked blue light increases or decreases. Consequently, the separate distributions of SPD B and SPD P are needed critically to enable the performance optimization of a pc-LED. The two separate SPDs are required to analyze the performance of a pc-LED as a function of time because each SPD is altered by different degradation mechanisms. The reduction of leaked blue light is attributed to lens yellowing [1, 2] , and the reduction of phosphor-converted light is an apparent indication of phosphor layer degradation [3, 4] .
An approach using the Gaussian function seems attractive to deconvolute SPD B and SPD P from SPD W because it can describe the spectral distribution of light sources. The Gaussian function approach has been used in numerous LED-related applications, such as the peak finding [5] [6] [7] , the SPD design [8] [9] [10] [11] , the current and junction temperaturedependent model of SPD [12, 13] , and the LED radiation pattern simulation [14, 15] .
The applications most relevant to deconvolution can be found in [8] [9] [10] [11] . In [8, 10] , an SPD simulation about a multichip LED was performed, where the SPD of each chip was described by a single Gaussian function. The SPD of a cool white pc-LED was described in [11] , where SPD B was represented by a single Gaussian function and an asymmetric Gaussian function was used to describe SPD P considering its asymmetric nature. In [9] , the Gaussian function was used to design the SPD of a UV LED and the mixture of blue, orange, yellow, and green phosphors, where each phosphor emission spectrum was represented by a single Gaussian function.
Neither SPD B nor SPD P has a symmetric distribution. In addition the SPD P often shows an arbitrary shape when several phosphors are used (e.g., warm white pc-LED). Consequently the approaches to represent each spectrum by a single Gaussian function may not deconvolute the spectra most accurately. This article presents a procedure to deconvolute the SPD of pc-LEDs. The procedure involves a two-step process using multiple Gaussian functions. The first step is a preliminary process to deconvolute an SPD using a pair of Gaussian functions (each one for the peaks of SPD B and SPD P , respectively), which is similar to the methods used in [11] . Using the results from the first step, the second step determines (a) the number of Gaussian functions to be used in the analysis and (b) the initial values and regression domains of the coefficients of each Gaussian function for subsequent multiple-regression operations. A detailed procedure is described in Section 2, and two implementations of the proposed procedure are presented in Section 3.
Two-Step Multiple Gaussian Function Method
The procedure for deconvolution is presented using a normalized SPD of a cool white pc-LED. The final goal is to determine the number of required Gaussian functions and the coefficients of each Gaussian function that best describe the original SPD. To achieve the goal, multiple regression operations are conducted in a two-step process.
A. Two-Step Process
Step 1: Initial Pair of Gaussian Functions
The first step is a preliminary process to deconvolute an SPD using a pair of Gaussian functions (each one for the peaks of SPD B and SPD P , respectively). The results are used for the next step that refines the deconvolution.
A cool white pc-LED was operated under a forward current of 350 mA. The SPD was measured while maintaining the junction temperature at 25°C. The SPD normalized by the maximum value is shown in Fig. 1 . The normalized SPD shows two maximum points (or peaks, P 1 and P 2 ) from SPD B and SPD P as well as a local minimum point (or valley, V) between the two peaks.
The initial regression begins with a pair of Gaussian functions, which are expressed as follows:
where A is the amplitude, B is the center wavelength, and C is the width of the Gaussian function.
As mentioned, neither SPD B nor SPD P has a symmetric distribution, and it is difficult to fit the SPD with only two Gaussian functions. The specific goal of the first step is to obtain a pair of Gaussian functions that offers the highest R 2 among those whose combined SPD match the wavelengths and amplitudes at the two peaks and the valley of the normalized SPD (P 1 , P 2 , and V in Fig. 1 ).
There are six unknowns in Eq. (1). The center wavelengths (B 1 and B 2 ) are fixed at the wavelengths of P 1 and P 2 . Considering the fact that SPD P has a wider spectrum compared with SPD B , and thus it has a broader impact on the final spectrum, the amplitude of the second Gaussian function, A 2 , is also fixed at the amplitude of P 2 . The three remaining coefficients are determined using the following nonlinear regression steps:
1. Set an initial value of C 2 as well as its increment (ΔC 2 ).
2. Determine A 1 by using the following relationship:
3. The remaining coefficient is C 1 and it can be determined as follows:
where λ V is the wavelength at the valley, V, and
Determine the R 2 value using the following equation [16] :
where 5. Repeat Eqs. (2)- (4) until Eq. (3) becomes mathematically invalid-that is, κC 2 ≤ 0 or lnκC 2 ≥ 0.
6. Select C 2 at the maximum value of R 2 .
The SPD in Fig. 1 was analyzed by this procedure. Figure 2 (a) shows the result of R 2 and κ as a function of C 2 , where R 2 is calculated until Eq. (3) becomes invalid (in this case κC 2 ≈ 0). The final value of C 2 was selected at the maximum R 2 , and the final six constants were A 1 1, A 2 0.54, B 1 444, B 2 558, C 1 16.5, C 2 52. The SPD regenerated by the pair of Gaussian functions (2G) is shown in Fig. 2(b) together with the original SPD. It is evident that this procedure effectively produced the same values at the three points (P 1 and P 2 and V).
Step 2: Multiple Gaussian Functions for Refinement
In Step 2, the number of Gaussian functions required for deconvolution is first determined using the result obtained from Step 1. The result of Step 1 is subtracted from the experimental data. The resultant plot is shown in Fig. 3(a) . Then, the number (N G ) of Gaussian functions is determined from the number of local maxima and minima in the plot. For the current SPD, the total number of Gaussian functions is N G 6.
The first three Gaussian functions corresponding to three points below λ V form SPD B , and the rest form SPD P (Fig. 3(b) ). Following is a mathematical representation of SPD W using the multiple Gaussian functions:
There are a total of 18 unknown coefficients (3 times N G ) in Eq. (5). They are determined through multiple-regression operations. The objective function of the multiple-regression operation is the same as R 2 in the objective function defined by Eq. (4). The initial value of each coefficient for the regression is also defined using the result from Step 1, which is critically required to ensure the optimum convergence of the objective function.
The initial values of a i are given as the amplitude of P i (A pi ), and the values of a i are decreased gradually during the regression. The initial values of b i are given as the wavelengths of P i (λ pi ), and their regression domains are defined using the wavelengths of two adjacent points; for example, the initial value (a)
Power (mW) Wavelength (nm) Fig. 4 , where it is compared with the experimental data. Perfect agreement is evident; the R 2 value is nearly 1. The result can be presented more quantitatively using the optical parameters such as lumen, CCT, CRI, and color coordinates. Table 1 shows the comparison. The proposed deconvolution procedure produces an SPD virtually identical to the experimental data.
The six Gaussian functions, used in the analysis, are shown in Fig. 5(a) . As mentioned, the sum of the first three Gaussian functions represents SPD B , and the remainder form SPD P . The two deconvoluted spectra are shown in Fig. 5(b) .
B. Deconvolution of Warm White pc-LED
The SPD of a warm white pc-LED was deconvoluted by the proposed scheme to confirm its validity. The result of Step 1 is shown in Fig. 6 . Figure 6(a) shows the result of R 2 and κ as a function of C 2 . Unlike the case of the cool white LED, the maximum R 2 did not occur at κC 2 ≈ 0. The final six constants were A 1 0.53, A 2 1, B 1 447, B 2 609, C 1 18.3, and C 2 85. The regenerated SPD and the original SPD are shown in Fig. 6(b) .
The result after subtraction is shown in Fig. 7 . The total number of local maxima and minima are N G 7. Consequently, multiple-regression operations were conducted with seven Gaussian functions for the warm white pc-LED.
The regression result is shown in Fig. 8(a) , where perfect agreement is also evident. The seven Gaussian functions used in the analysis are shown in Fig. 8(b) . Again, the sum of the first three Gaussian functions represents SPD B and the remainder form SPD P . The two deconvoluted spectra are shown in Fig. 8(c) . Successful deconvolution is achieved in spite of the unsymmetrical nature of SPD P .
Implementation
The proposed scheme was implemented for (a) SPD design using yellow-to-blue ratio (YBR) and (b) calculation of phosphor power conversion efficiency. Warm and cool white pc-LEDs were tested at various 
A. Yellow-to-Blue Ratio
The YBR is defined as
Because its value changes with phosphor configurations (e.g., thickness, concentration ratio) for a given LED package, the YBR was used extensively to analyze the phosphor performance in LED packages [17, 18] and chromatic degradation in degraded LED packages [4, [19] [20] [21] .
Using the proposed scheme, the YBR can be calculated accurately. The SPDs in Fig. 9 were deconvoluted, and the YBRs were calculated using Eq. (6). The results are shown in Fig. 10(a) . As expected, the YBR of the warm white LED is higher than that of the cool white LED. As can be seen from the normalized YBR plot in Fig. 10(b) ; however, the current dependence of YBR is nearly identical.
The shapes of SPD B and SPD P (i.e., their normalized distributions) remain the same, even when the YBR is altered by changing the phosphor concentration ratio. This concept can be used to estimate the ranges of CCT and CRI that the given SPD B and SPD P can produce. Figure 11 shows the normalized warm and cool white SPDs with various YBRs. Each plot represents a CCT value within the range of typical warm white (from 2700 to 3000 K) [22] and cool white (>5000 K). The plots were produced using the two deconvoluted SPDs while adjusting the YB ratios until a CCT value matched a desired one.
The relationship among YBR, CCT, and CRI is shown in Fig. 12 . Both CCT and CRI decrease as YBR increases. For a given phosphor and LED package configuration, the available color options can be readily obtained from this approach. Lumen may have to be compromised for a better color option. The complete prediction about lumen, CCT, and CRI can be done if a relationship with the YBR and the phosphor concentration can be determined experimentally.
B. Phosphor Power Conversion Efficiency
The phosphor power conversion efficiency is defined as the ratio of the radiant flux of phosphor converted light to the total amount of radiant flux of blue light used in phosphor conversion. Mathematically, it can be expressed as follows:
where η p is the phosphor power conversion efficiency, and SPD B total is the total amount of blue light generated by a package without phosphor. The phosphor power conversion efficiency is an effective property dictated by various package parameters, including the package type, the number of phosphors used in the package, the phosphor concentration ratio, and the phosphor location in the LED package [23] [24] [25] [26] [27] [28] [29] [30] . It can be employed to characterize the performance of multiple phosphors in LED packages.
The blue LED package was tested at the same conditions used to produce the SPDs in Fig. 9 . The results of SPD B total are shown Fig. 13 . Then, the phosphor power conversion efficiency can be calculated from the two deconvoluted SPDs using Eq. (7). The results are shown in Fig. 14(a) . The warm white LED shows lower phosphor power conversion efficiency than the cool white LED. The normalized plot in Fig. 14(b) shows that the phosphor conversion efficiency decreases linearly with the forward current, and the reduction rate is larger in the warm white LED. The lower conversion efficiency and the higher forward current dependency may be attributed to multiple phosphors used in the warm white LED.
Conclusion
A regression scheme using multiple Gaussian functions was proposed to deconvolute the SPDs of pc-LEDs. The scheme deconvoluted cool and warm white pc-LEDS into the leaked blue light and phosphor-converted light. The results confirmed that the proposed scheme was effective and accurate. The scheme was implemented for calculations of YBR and phosphor power conversion efficiency. The scheme is versatile and can be employed in various SPD analyses, such as simulation of emission spectra of multiple phosphors, LED package degradation analysis, and so on.
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